The temporal response of a well-developed turbulent boundary layer to the superposition of oscillatory shear has been measured experimentally, over a wide range of frequencies. The response is primarily a periodic organization in magnitude of components of the turbulent velocity field at the forcing frequency. Oscillatory production of turbulence arises predominantly as a modulation of the mean production process in the parent boundary layer, Close to the wall, the relative phases of response of components of turbulent kinetic energy indicate that temporal redistribution of turbulent kinetic energy is driven by robust coherent motions of the underlying mean flow. The local directions of redistribution deduced from these measurements indicate a wall impingement (splatting) effect, consistent with characterizations from numerical simulation.
I. INTRODUCTION
In efforts to improve understanding and prediction of turbulent flows, categorization of these flows according to the kinds of deformation they undergo has proved a rewarding exercise both for consolidating present understanding and for focusing on the kinds of experiments needed to supply further insight. For example, in the case of homogeneous turbulent flows,' a variety of different experimental results-on isotropic turbulence, turbulence under rotation, turbulence returning to isotropy, undergoing plane strain, and undergoing uniform shear-are available as target data for turbulence modelers, and as a point of departure for further studies into the effects of strain and rotation on homogeneous turbulence. In the case of more complex turbulent flows such as boundary layers, decades of research have resulted in a large literature on the consequences of steady deformation resulting from pressure gradients, buoyancy, curvature, Coriolis forces, etc., and on the prediction of their effects. However, relatively little is known about the interactions between time-dependent deformation and turbulence in boundary layers. In particular, the effects of time-dependent shear are not well understood; their importance in turbomachinery and in aerodynamic applications provides motivation for further study.
For reasons of experimental and analytical expedience, nearly all studies of time-dependent deformation of boundary layers have involved oscillating, sinusoidal variations in fluid velocity. The pioneering work of KarIsson* on the effects of sinusoidal variations in free-stream velocity upon a boundary layer with no mean pressure gradient established the comparability of many time-averaged measures in unsteady flow and those same measures in equivalent steady flows; their invariance to different frequencies of free-stream unsteadiness was also noted, These findings were generally confirmed by later studies and were found to hold for unsteady flow in diffusers, channels, and pipes.3-6 However, insight into the detailed temnoral structure of turbulence under unsteady conditions has been limited since simultaneous measurements of three components of the velocity field have yet to be made, and two-component measurements only appear to have been mastered in a few studies 3,798
Recent computations of unsteady turbulent wallbounded flows have highlighted the shortage of detailed measurements of the time-dependent response of boundarylayer turbulence to organized unsteadiness. Reynolds-stress closures,9 k-e models' and pseudoenergy/pseudovorticity models" have all been applied to the case ofpulsating turbulent pipe flow with reasonable success. However, the kinds of experimental data available for this flow provide only limited guidance as to the specific strengths and weaknesses of unsteady turbulence models, or to where improvement is needed. Computational predictions have also been performed for unsteady turbulent flow over flat plates and in channels. Typically, steady-flow closures have been extended For application to flows characterized by oscillation about their mean condition. The sophistication of these closure ranges from pioneering eddy-viscosity models ' ' to more recent multiscale representations'* of turbulence in unsteady boundary layers, However, evaluation of the performance of these models continues to be restricted by a shortage of detailed experimental data, and a limited understanding of temporal behavior of turbulent flow undergoing forced transients.
The study reported in this paper was undertaken with a view to improving understanding of both the mean and the temporal nature of unsteady turbulent wall-bounded flow. Well-resolved simultaneous measurements of the u and u components of the velocity field were made within a boundary layer, the free stream beyond which underwent sinusoidal oscillations in velocity about its mean, over a wide range of frequencies. The mean condition of the turbulent bound-ary layer was found to be insensitive to sinusoidal oscillation in free-stream velocity at any of the frequencies studied. Time-averaged profiles of velocities and of components of the Reynolds-stress tensor scarcely differed from those in steady flow at the mean conditions, attesting to the robustness of the turbulent motions of the boundary layer to oscillatory shear. These results are reported elsewhere. '" Insights into the dynamic response of boundary-layer turbulence to forced unsteady shear, based on these measurements, are presented in this paper.
II. DECOMPOSITION, AVERAGING, AND TRANSPORT EQUATIONS
When describing time-dependent flows in which the velocity and pressure fields respond to a perturbation of known form, it is useful to express dependent variables in the equations of motion via a triple decomposition, as proposed by Hussain and Reynolds. I4 Thus an instantaneous measure of a turbulent quantityf(x,t) may be described as the summed contribution of three parts:
Q(x,t) +f '(x,t) . These components are the mean or time-averaged one, the deterministic, periodic, or oscillatory one, and the turbulent component, respectively. The overbar and prime indicate time-averaged and turbulent measures, respectively, whereas the tilde (for whichreplaces -for longer arguments), denotes the periodic or oscillatory component of the quantity. In order to separate any variable into these three components, two averaging procedures are required. One possible combination is (i) the phase average or ensemble average of the quantity, ( f( x,t) ), defined as (ftx,t)) =m +j-tx,t, = ji+y + N-l f(X$ + n7), n 0 where r is the period of the cycle; and (ii) the time average, Ax) = I?i_m_ + Nz'f(x,to + n At), n 0 where N At, r.
When the periodic nature of the flow allows successive cycles to be considered as independent events, the phase average (i.e., the average over a large ensemble of points, each measured at the same phase with respect to a reference oscillator) effectively filters out background turbulence, while the time average removes both background turbulence and periodic contributions. Using this decomposition and these averaging procedures, equations of fluid motion may be devised and measurements of pertinent quantities made for each of the mean, periodic, and turbulent fields of flow.
Of particular interest to this study is the equation describing transport of the Reynolds stress within the periodic field of flow, i.e., the component of uluj, or for the sake of brevity rrj, which oscillates about its mean value in response to periodic motion induced within the boundary layer. This transport equation for the oscillatory component of ril ( Pq or ( rti) -3, ) may be deduced from the phase-averaged Reynolds-stress budget:
in which the substantial derivative follows the phase-averaged unsteady motion in the form
The production, pressure strain, dissipation, and diffusive flux terms ((P,}, (Tg/>, (Dii), and (Juk)) of (1) are then the phase-averaged equivalents of their steady-flow counterparts. Subtraction of the time-averaged form of ( 1) allows the oscillatory Reynolds-stress budget to be written in a form analogous to its counterpart in steady turbulent flow, namely,
-$$I =Fu + TV -3, -;rijkak.
The substantial derivative follows the organized unsteady motion, such that
and the oscillatory production-rate tensor pii is Fik "-ii, 25) (
The tensors describing the rates of oscillatory pressure strain, dissipation, and diffusive flux ( pg, B,, and yVk ) are then (2/&7, ZGLZ,,
where .Y.~ is the turbulent component of the strain-rate tensor and S, is the Kronecker delta. Equation (3) may be thought of as describing the behavior of the relatively unorganized turbulence within the organized oscillatory field of flow.
In the experiments of this stud$ profiles_f the oscillatory turbulence quantities, m, u'v', and ziv', were measured together with the mean and periodic velocities: U, V, ii, and 6. These measurements were made for oscillatory shear over a range of frequencies for which quasisteady flow was approached at one extreme, and slug-like Stokes flow at the other. The highest frequencies were smaller than estimates ofthe bursting frequency by factors ofabout 2. The experiments covered a range of Strouhal numbers (&VU, ) from 0.06 to 1.2 with a corresponding range of Reynolds number based on Stokes-layer thickness (Re,, where I = $&&) from 1100 to 240. They enabled time-dependent evolutions of three components of the FV tensor to be studied, together with the dominant terms of their production-rate tensors.
III. OVERVIEW OF EXPERIMENTS AND MEASUREMENT TECHNIQUES
In the water-tunnel experiments of this study (Fig. 1 ) , a sinusoidal motion of prescribed amplitude was superim- posed on an otherwise steady mainstream, beyond a twodimensional (mean) turbulent boundary layer on a smooth flat wall. This unsteady motion was induced in the test section of the apparatus by dynamically controlled suction of free-stream fluid at the tunnel wall opposite and far away from the edge of the test boundary layer. Total drainage of free-stream fluid was maintained at a constant volume-flow rate, while the local distribution of fluid removal from the test section was controlled dynamically. In this way, effects of free-stream unsteadiness could be imposed downwind of a boundary layer that had developed under nominally steady constant-pressure upstream conditions, thereby avoiding complications that might arise from boundary-layer initiation and laminar-turbulent transition under unsteady conditions. The apparatus thus enabled unsteadiness to be induced downstream of the development section of the apparatus, at the exit of which the boundary layer was characterized by a Reynolds number (Re, > of 3 100, having developed with a free-stream velocity of 0.74 m/set. At the station at which detailed measurements were made, the mean condition of the local pressure gradient was adverse, with the Clauser parameter/3 taking a value of 6'3, A periodic motion was induced in the free stream, of the form 5, = A cos ot, where w is the circular frequency of oscillation. The combined effect of superposition of an oscillatory flow upon a steady one was to create a time-dependent free-stream velocity (U '*) ) (the phase-averaged free-stream velocity, equal to U, f ii, ). Oscillations were induced at seven different frequencies from 0.1 to 2.0 Hz, In this turbulent boundary layer, these periods corresponded to approximately 3500 and 175 viscous time scales, respectively. For forced oscillation at each of these frequencies, the amplitude of the free-stream velocity (A) was held constant, at 15% of u Local values of time-averaged quantities such as --U:;, tl'~', vV, and ---i-T U V were practically invariant-to different frequencies of forced unsteadiness, as were a, and 6. Though not always identical, these measures exhibited only slight departures from their counterparts in steady flow at the same mean external-flow conditions. l3
Simultaneous measurements of the u and u components of the velocity field were made within the boundary layer on the top wall of the test section, with a two-color laserDoppler anemometer. At the measurement station for which results are reported in this study, the approximate dimensions of the measuring volume corresponded to 8.3 viscous units in length and 2.5 viscous units in diameter. The temporal response of the velocity field was resolved through conditioning samples of these measurements on the phase of the oscillating mechanism that controlled suction of freestream fluid (and thus determined the free-stream velocity). Phase averages were made over 500 cycles, and at 5 12 discrete evenly spaced times within each cycle.
IV. FtiRClNG CONDITIONS
In the experiments of this study, oscillatory shear was induced through superposition of a sinusoidally varying velocity upon an otherwise steady free stream-a forced, local, time-dependent boundary condition for the flow. For each of the seven frequencies at which oscillatory shear was induced, ii, was almost purely sinusoidal, its fundamental frequency accounting for about 99% of the total harmonic content. The effect of this induced shear upon the boundarylayer flow is illustrated in Figs. 2 and 3, in which profiles of the mean streamwise velocity and rms levels of streamwise turbulence are shown, together with ensemble-averaged profiles of these measures at the phases corresponding to the extremes in free-stream velocity. These data are for oscillation at O-2 Hz, a frequency at which the behavior of the boundary layer is similar to, though certainly not identical to, its quasisteady form. Each profile in these figures is normalized by the friction velocity deduced from the mean ve-, . I * . . . . # . , . ,.,, *, . , . ,., ',, , is-+%* 7 mum (u, h Rvectively, and are nomxalized by the mean friction velocity, locity profile. Thus the deviations of phase-averaged profiles from their mean are indicative of the local amplitude of variation in (u) and (u'). It is clear from these figures that the free-stream oscillation exerts a strong influence upon the time-dependent velocity and turbulence fields, which is evident throughout the boundary layer. The utility of a phase-averaged representation becomes apparent when ensemble-averaged measures of streamwise velocity (shown at two of the 5 12 phases in Fig. 2 ) are differentiated in the wall-normal direction. The differentiation procedure employed was to make four-point piecewise parabolic least-squares fits along the (u) profile and evaluate the gradient from piecewise-cubic splines through the fits to the data. The small degree of smoothing inherent to this method was necessitated by the usual noise problems, which arose when direct differences were used to evaluate gradients from discrete data. The oscillatory component of velogty gradient could then be extracted and was expressed as LWJy,, the Fourier amplitude of &/Jy at the forcing frequency. Since the harmonic content at the fundamental frequency exceeded 97% of the total harmonic content of ii throughout the boundary layer, at each forcin frequency, Way could be described quite adequately by 6 Way, and an accompanying phase measure. The magnitude of the other oscillatory component of shear in this flow, az&, could always be assumed small in comparison and so &/dy, was taken as the amplitude of oscillatory shear.
Boundary-layer profiles of the amplitude of oscillatory shear, the forcing function under consideration, are shown in Fig. 4 for all frequencies of unsteadiness considered in this experiment. All profiles are of similar shape and those measured at high frequencies ( 1.6 Hz, 2.0 Hz) are in good qualitative agreement with the high-frequency asymptote for os- The solution to this equation is plotted for oscillation at 2.0 Hz. For the case of a stationary wall and an oscillatory free stream, it may be expressed in the form zz 6, *m e-y/,miJ __ _ (81   ay, J;;i;;-r  , _ where ii,,, is the Fourier amplitude of the free-stream velocity at its first harmonic. A quasisteady profile for oscillatory shear in this boundary layer is also included in Fig. 4 . This profile was constructed from a series of steady velocity profiles under different free-stream conditions and describes the low-frequency asymptote for oscillatory shear in this flow. The ordinate of Fig. 4 is normalized with respect to the mean friction velocity U, rather than the frequency-dependent length scale, w. Thus local magnitudes of oscillatory shear at different frequencies may be compared readily.
It may be seen from Fig. 4 that the effect of the turbulent boundary layer is to restrict the region over which oscillatory shear is most significant toy + 5 30 in this experiment. The restriction of oscillatory shear to this thin wall layer is attributed to the effectiveness of diffusive actions of turbulent motions of the boundary layer, beyond the viscous sublayer. The relative amplitudes of aWay at each frequency are shown in the inset graph, at the data point closest to the wall. The same qualitative variation of shear amplitude with frequency is observed at other locations within the viscous sublayer (y + 5; 7). The well-defined curve described by data in the inset graph reflects the orderly variation with frequency between asymptotic modes of fluid behavior, dictated by the competing effects of fluid inertia and the forcing pressure gradient, which dominate flow adjacent to the wall at low and high frequencies, respectively.
It is evident from Fig. 4 that between y + -6 and y + -30, where interactions between oscillatory shear and the turbulence producing motions of the boundary layer are likely to be most significant, both the amplitude of oscillatory shear and its wall-normal distribution are quite similar at all frequencies in the range of this study. The experiment therefore constitutes a very interesting test case for evaluating the response of boundary-layer turbulence to different frequencies of oscillatory shear, of roughly the same amplitude at any given wall-normal position beyond the viscous sublayer.
V. SPECTRAL RESPONSE
Measurements of u and v were recorded as time series of data at evenly spaced intervals, when the free stream was steady and when it underwent forced oscillation. The period of the forced oscillation was prescribed, and so phase-and time-averaging techniques could be employed to remove mean and periodic components of velocity from data records. Thus time series of ii + u', and ii were constructed for the forced unsteady flow. Estimates of the power spectral density distribution were made using a standard autoregressive model. " This method proved to be generally superior to FFT estimates for analysis of time-series data in steady flow, and gave clearer descriptions of sharp spectral features in flow undergoing forced transients. All spectral data reported in this paper are for time series of 16 384 data sampled at 250 Hz. In the autoregressive model used for these time series, the power spectral density was described by a distribution of 600 poles. A representation of this order corresponded to the number of data in half a period,15 and was found to be an acceptable compromise between the need to provide adequate descriptions of sharp spectral peaks and the desire to avoid adding excessive amounts of noise in other parts of the spectrum.
Estimates of the power spectral density distributions deduced by this technique are shown in Fig. 5 . The data in this figure describe (i) the power spectrum of the ii -I-U' time series in unsteady flow undergoing oscillatory shear at 0.2 Hz; (ii) the power spectrum of the ii component of the time series of (i); and (iii) the power spectrum of the u' component of the time series of(i) . It is predictable that the spectra for the ii + u' and i4 time series are characterized by sharp peaks at the forcing frequency of oscillation. Fbr ease of comparison, all spectra have been normalized by ulti'. Thus the area beneath the plotted spectral density distributions integrate to unity for case (iii), while exceeding unity in case (il.
The decomposition of this time series into its ii and U' components and their subsequent spectral estimation allowed the component contributions to the power spectrum of the turbulent flow to be examined, It may be seen from Fig. 5 that the peak in the power spectrum of the tr. + U' time series is almost entirely due to the organized oscillatory motion of ii, with no detectable peak at this frequency in the turbulent component of the flow (represented by the U' spectrum). Thus there appears to be no harmonic interaction between the organized oscillatory motions and the underlying turbulent motions that contribute to ul1l) in this boundary layer. It is also noteworthy that the inertial subrange in unsteady flow descends with a -5 gradient, consistent with the form of its steady-flow counterpart. The same general features were observed in the complementary power spectra and cross-spectra for v and Z.KJ'~ and at other frequencies of oscillation and other locations within the boundary layer. These observations, and others, reported elsewhere,13 conform with the view that the mean behavior of turbulent motions of the boundary layer is scarcely affected by the superposition of oscillatory shear, over a wide range of frequencies.
The dominant peak in the spectrum of the ir + u' time series is almost identical in shape to that in the ii spectrum and so may be attributed solely to the organized oscillatory motions. The small degree of broadening about the peak is then due to organized oscillatory motions and accordingly may be ascribed to minor cycle-to-cycle variations in the forcing perturbation and to limitations of the spectral estimation method. The spectral content of ii takes a very similar shape to that of u' at the higher frequencies of the estimate, indicative of imperfect decomposition of the velocity time series into U, ii, and u'. However, its magnitude is an order smaller and this spectral characteristic reflects the practical limitations on ideal separation of a times series into phase-averaged and random components-it is attributed to the finite number of ensembles of unsteady events within the time series. While the power-spectral estimates shown in Fig. 5 indicate the relative contributions of different scales of motion to -7-i the long-time averages u u and irij, they provide no information about the temporal frequency content of velocity measures during transients. Temporal power spectral information was deduced by applying the autoregressive spectral estimation method to blocks of data from the U' time series, chosen to correspond to specific ranges in phase of the forcing oscillatory motion. If these periods of the U' time series are assumed to be of locally stationary form, the same spectral estimation technique may be used to compare the longtime-average power spectrum to power spectra deduced over selected ranges in the phase of B. Phase ranges were chosen as the four phase quadrants of the local velocity field ii = ii, cos wt (where i3, is the Fourier amplitude at the fundamental frequency) centered around tit = 0,7r/2,7r, and 3~42. Estimates of the spectral content of u' during each of the four quadrants and for the long-time average are shown in Fig. 6 ; normalization is by the long-time average u'u' for each spectrum. In the highfrequency region for which the estimate was most accurate, it may be seen that the scales of motion are weakly amplified, firm that this result is not due to uncertainty in the estimation procedure. Therefore temporal dependence of the spectral response of the streamwise component of boundary-layer turbulence to oscillatory shear is apparent at the highest frequencies of the spectral estimate-within the inertial subrange-so the response is at least weakly broadband in a temporal sense. The temporal nature of the turbulence field may also be illustrated by examining the power-spectral estimate of the square of each element of the time series for u'. This spectrum is the Fourier transform of the autocorrelation function of u'(t) u'( t), which describes periodic organization of the square (and therefore the absolute magnitude) of the turbulent component of velocity in response to the forcing perturbation. Power spectra of 11' (t) U' (t) are shown in Fig. 7 for the cases of steady and forced unsteady flow. In the case of unsteady flow, the sharp peak at 0.2 Hz attests to the periodic organization of U'U' by the forcing velocity field. It is of particular significance that this peak is at least an order of magnitude greater than any other part of the spectrum. The square of the turbulent component of velocity may then be treated with some justification as a periodic quantity oscillating predominantly at the forcing frequency, for which the phase-averaging procedure conditioned on the ii field (described in Sec. II) is appropriate. The accompanying assumption that successive cycles may be treated as independent events is also lent credibility by this result-in many previous studies it has been used with no apparent justification. Comparable findings were also made for spectra of v' ( t) v' ( t) and U' ( t) v'( t) , at other frequencies of this study, and at other positions within the boundary layer. Therefore temporal measures of components of velocity and of double correlations of turbulent quantities could be estimated justifiably as their Fourier phases and amplitudes when phase averaged at the forcing frequency-this representation is used extensively in the following sections.
In summary, spectral estimations indicate that the timeaveraged response of boundary-layer turbulence to oscillatory shear displays no harmonic features, and retains the spectral characteristics of a steady turbulent flow. There is a strong dynamic response that is primarily a periodic organization in the absolute magnitude of turbulence, at the forcing frequency. However, it also has less pronounced broadband characteristics of a temporal nature, which are evident in parts of the turbulence spectrum as distant from the forcing frequency as within the inertial subrange.
VI. TURBULENCE PRODUCTION
An important indicator of turbulent activity in an oscillatory field of flow is its rate of production tensor FU. Just as its time-averaged counterpart FU8,, is the largest contributor to production of turbulent kinetic energy in a steady turbulent boundary layer, FUpU, accounts for the greatest amplitude of production of turbulent kinetic energy when oscillatory shear is superimposed on the flowc;The streamwise component of turbulent kinetic energy U'U' thereby profits most from production in this oscillatory field of flow. When Eq. (3) is devised for each individual com=ent of fU, two major terms contributing to production of u'u' may be identified through order of magnitude reasoning and they are -2zXJ/ay and -2 u'v' &/ay. The presence of two key terms is only an artifact of the additional stage of decomposition introduced in Sec. II, and their sum still corresponds to the oscillatory part of ( -22/v' a (u)/ay).
However, this representation allows the different interactions r , . "",.I * ' '.."'I . , ".I'.' ' I between the mean and oscillatory fields of flow to be identified clearly. These two production terms were always most energetic at the forcing frequency and measurements were made of their first-harmonic Fourier amplitudes and the amplitude of their sum. Profiles of the amplitude of pU+,*, the net production term for UT are shown in Fig. 8 , The ordinate normalization is by u;',/S and wall units (also referenced to the mean friction velocity) are chosen for the abscissa. The major term --i-T accounting for production of u u (denoted FUZ,,, ) is shown for comparative purposes in Fig. 9 -there is no appreciable variation with frequency in pU,", , nor do unsteady measures appear to differ greatly from their counterparts in steady flow under the same mean conditions. The frequency invariance of_TjUs is contrasted by an orderly decrease in amplitude of P,,,,,. with increasing frequency, which may be seen plainly in Fig. 8 despite the scatter in these data. Thus another feature of the dynamic response of boundary-layer turbulence to oscillatory shear is a reduction in amplitude of production of n with increased frequency, The strong similarity between shapes of profiles of Fur,< and Ffl.Uc, each with coincident peaks at y + z 9, indicates that mean and oscillatory production of u'@' are closely related. Rather than an independent facet of the oscillatory field of flow, oscillatory production of turbulence appears to be an intense modulation of the local production process of the parent boundary layer.
The amplitudes of each of the major contributors to i",.ur ( -2;;;;bU/ay and -2 UIU) &Way) are shown at their first harmonics in Figs, 10 and 1 i, respectively. It is clear that both terms make comparable contributions to production of nat frequencies close to the quasisteady asymptote. This finding is consistent with simple mixing-length turbulence models, which locally relate (u'u') to d (u)/ay through a constant of proportionality-the kind of relationship justified on dimensional grounds for turbulent shear flows dominated by a single scale of v' and a single turbulent length scale. The growing importance of the additional imposed time scale, brought about by increasing the frequency of shear, manifests itself in a reduction of -2nXJ/ay (and so FU3,,, ) from its quasisteady level, throughout the boundary layer. Since profiles of U (and so XJ/ay) have been shown to be invariant with frequency, '" this effect results from attenuation of the oscillatory Reynolds-stress amplitude with increasing frequency (or reduced response time). Consequently, extension of turbulence models of this class to unsteady-flow problems may only be justified close to the quasisteady asymptote, unless correction is made for the additional time scale. The component of pU,,, due to -2 ului &/Jy exhibits only a weak sensitivity to frequency variation. Careful inspection of the data of Fig. 11 reveals that this frequency dependence follows the trend in near-wall measures of L&V& shown in the inset of Fig. 4 . The indication that -u'u) is scarcely affected by different values for forcing frequency is consistent with the results of several studies.3s'3 7 Furtwore, the maxima of both -2 u u G'ii/ay and . -2u'u au/&are at the same position within the boundary layer. This position (y + -9) is approximately the one at which production peaks in the underlying mean flow and reinforces the view that oscillatory turbulence production arises as a modulation of the mean production process of the parent boundary layer.
While the information presented in Figs. 8-11 is believed to be qualitatively accurate, the quantitative nature of the data should be interpreted with caution. These data are the product of a Fourier decomposition of a phase-conditioned measure and a time-averaged measure. One measure is a double correlation of turbulent velocities, deduced from the difference of means of squares, and squares of means; the other is a fitted gradient. The opportunity for systematic errors to accrue during this sequence of data-reduction procedures is therefore large. Conservative estimates of the relative errors in these quantities placed them at about f 20% of their local values. Consequently, while the trends in these data are believed to be accurate, their absolute values are less trustworthy and may not be appropriate as target data for turbulence modelers.
The two major terms that contributed to production of were also measured in this study. Those responsible for generation of nwere smaller by at least an order of magnitude, as a consequence of the negligibly small values of V and ti that were measured-they differed from zero by amounts of the order of the uncertainty in their measuremat. The two major terms accounting for production of -u'v' were locally nearly half as large as those that generated m
The general trends in profiles of amplitudes of these terms, the amplitude of their sum, and its size relative to the mean level of production of -U'U' were very similar to those for U'U' and are not reported here. While no measurements of wq or its production tensor were possible, it is doubtful that there could be any appreciable production in a nominally two-dimensional boundary layer, upon which two-dimensional oscillatory motion was superimposed; the high spanwise uniformity of time-averaged and time-dependent flow features precluded the possibility of any appreciable spanwise gradients.16 Thus the production terms for turbulence in this wall-bounded oscillatory shear flow serve a purpose similar to that in a steady pure-shear flow-to concentrate almost the entire production of turbulent kinetic energy in one component of the energy field. In this wall-bounded flow, the mcomponent is the prime beneficiary, as a result of modulation of the mean production process in the parent boundary layer. 
VII. RESPONSE OF THE TURBULENCE FIELD
T& o&Jlatory coeonents of the Reynolds-stress tensor, z/u ', v'u', and -u'u' , represent the organized dynamic response of turbulence to imposed oscillatory shear and each was most energetic at its first harmonic, for all frequencies of imposed shear. When these quantities were evaluated as their first-harmonic amplitudes, a characteristically accounted for between 60% and 95% of the total harmonic content of m throughout the boundary layer, at all frequencies of=iIlatory e. The proportional harmonic contents of v'v; and -u'v ; approached these percentages only at the lower frequencies at which this study wAcocondue* For higher frequencies of oscillatory shear, v'v; and -u'v ; typically contributed around 50% of the total harmonic content, the remainder being distributed amongst the higher harmonics admitted by the phase-averaging procedure.
nBoundary-layer profiles of u'u; , v'v; , and -z are shown in Fig. 12 , normalized by the square of the mean (and frequency-invariant) friction velocity. These data are plotted for oscillatory shear at three representative frequencies in this study: (i) a low frequency of 0.2 Hz at which quasisteady flow was approached; (ii) an intermediate frequency of 0.5 Hz; and (iii) a relatively high frequency, 1.6 Hz, for which there was slug-like flow in ii, described closely by Stokes' solution. Each profile features an inner and an outer peak and the trough separating these peaks corresponds to the region over which ensemble-averaged measures and their mean intersect (see Fig. 3 1. The inner peaks of the a profiles are at almost coincident positions within the boundary layer, and again approximately at the one at which peak production takes place in the mean field (y + -91, further reinforcing the view that oscillatory turbulence measures arise as a modulation of motions of the underlying mean flow. At any position within the boundary layer, the effect of increasing frequency of oscillatory shear is to cause a mono- tonic decrease in the amplitudes of all three oscillatory turbulence measures, which is demonstrated more convincingly for the full range of frequeni in the detailed account of these data.*" Formand -z/u', this response is consistent with the complementary decrease of p,,+,$ and I;-U$u8 with increased forcing frequency (discussed in Sec. VI) I Since measures of pU,Ut were nigibly small, F considering the reduced magnitude of U'ZJ; relative to u'u; , it was inferred that intercomponent transfer must be the pr&ipal agent responsible for the detectable magnitudes of U'U: . It follows that the temporal coupling between oscillatory Reynoldsstress equations and their key production and intercomponem-transfer terms may be represented by the illustration in Fig. 13 .
VHI. INTERCOMPONENT ENERGY TRANSFER
Recognizing that the response of the turbulent flow to forced oscillatory shear is predominantly a modulation of motions of the parent boundary layer, one may then examine the extent to which phase relationships between quantities that respond harmonically to forced unsteady turbulent interactions reflect the directions in which turbulent interactions proceed in the parent boundary layer. The data of this study allow phase differences between (u'u'}, (u'u') , and ( --u'u') to be deduced as cycle-averaged measures, as differences between phases of first harmonics of their Fourier representations. The cycle-averaged differences in phase between (u'u'} and (v'u') are reexpressed as time differences (in viscous units ) in Fig, 14 , as far from the wall as y + N 50, The good general collapse of these data as local frequencyinvariant times scales, in a field of flow characterized by periodic first-harmonic organization of turbulence measures, indicates that these local times scales are derived from the mean flow of the parent boundary layer and are not frequency-dependent facets of the oscillatory component of the ElOW.
Since intercomponent transfer of turbulent kinetic energy is known to be a strong contributor to the transport equations for uiu; close to the wall, the direction of intercomponent transfer would be associated closely with the sign of phase differences between components of the Reynoldsstress tensor that participate in redistribution of turbulent kinetic energy. In wall-bounded turbulent flow, the redistribution of turbulent kinetic energy between the U'U' and U'U' components of the Reynolds-stress tensor is amongst the better understood, and may be examined using the phasedifference data presented in Fig. 14. From these data, it is clear that (u'u') leads (u'u'} between the measurement position closest to the wall and y + ~2.5, whereas (u'u') leads (v'u') beyond this point. The lead of (u'u') over (~'0') peaks at y + u 9 before receding toward zero at y + z 40. The corresponding phase relationships between (u'u') and ( -u'u') and (u'u') and ( -u'v') were equally well organized.
The physical interpretation placed on the phase relationships between (u'u') and (u'u') is that, within the first few viscous units beyond the wall, (u'u') leads (u'u') because the direction of redistribution of turbulent kinetic energy is from (0'~') to (u'u') (and ( w'w'}). Since production of turbulence is relatively small in this particular region, intercomponent transfer would play a major role in the budgets for (z/u') and (u'u'} [Eq. (l) ], and so a time lead of peak levels of (u'u') relative to those of (u'u'} indicates redistribution from { u'u') to (u'tl') . Moreover, these time scales are derived from the underlying mean flow and so this effect appears to be an experimental verification of the wall impingement orsplatting effect of redistribution of u)u) to u'u' and w'o', identified by Moin and Kim" in their numerical investigation of turbulent channel flow.
The phase relation between (tl'u') and (0'~') reverses its sign at yf ~2.5. This location is very close to the one fY* ~4) at which the component of the pressure-strain tensor in the u'u) transport equation changes its role from enhancing the level of m(y + 5 4) to reducing it (y + 2 4)) according to the results of Moin and ICirr~'~ This general agreement appears to be remarkably good since diffusive and dissipative elects play additional roles in determining the phase relation between (u'u') and (A'), obscuring theclarity with which the difference in phase between (u'u'} and {v'u') represents the direction of redistribution of turbulent kinetic energy between these components. The differing tIow geometries and Reynolds numbers (Re = 860 in this experiment as opposed to 640 in the channel-flow simulation,'7 when Reynolds number is based upon the mean friction velocity u,) may also explain the small discrepancy observed. The magnitude of the time lead/lag between (11'11') and (u'u') is indicative of the coupled time scales for redistributive motions and the subsequent evolutions of the coupled system of Reynolds-stress transport equations. As such, it is not a clear indicator of whether the mode of redistribution is predominantly "rapid, " "slow," or whether both modes are important in this flow. However, the greatest time leads of (u'u') over (u'u') are at y + -9, coincident with the position of peak production of u'n' in the boundary layer. Since production of 11'~' dominates the turbulence production tensor close to the wall in turbulent boundary layers, the coincidence of these peak levels is indicative of a strong association between the time scales of agents of redistribution of turbulent kinetic energy and the anisotropy of the turbulence production tensor, consistent with the form of well-known turbulence models for time-averaged components of the intercomponent-transfer terms in Eq. ( 1) .18,19
The time scales of energy redistribution shown in Fig. 14 are also of the same order as other characteristic time scales of the parent boundary layer. Close to the wall, estimates of k/e were typically around 40 viscous units, and S/U, , the turnover time of a large eddy of the mean flow, corresponded to 35 viscous units in time. The general comparability of these time scales with the data of Fig. 14 reinforces the contention that it is the turbulent motions of the underlying mean flow that determine the time delay between peaks levels in components of (u;uj) when oscillatory shear is superimposed upon the boundary layer. One may therefore interpret the superposition of oscillatory motion upon boundary-layer turbulence as a forced perturbation of the robust turbulent motions that dominate the underlying flow, whose response reveals their temporal characteristics. The time differences in response of turbulence measures, necessitated by oscillatory shear, are controlled by motions of the mean flow that are so resilient to periodic deformation that the same local time scale of response is found, regardless of the forcing frequency. Thus study of the response to external forcing may be viewed as a diagnostic technique for probing local temporal features of the turbulent flow, similar to that used for study of linear dynamical systems with few degrees of freedom.
Some closing comments are in order concerning the results presented in this section. Phase-difference data are presented for all frequencies of this study except 0.1 Hz. These data could not be considered reliable, since the combination of very small phases and phase differences, scaled by large oscillation periods, resulted in high levels of uncertainty. Measurements of phase difference were not presented beyond Y + = 50 at any frequency, since their uncertainty again became excessively large. While the number of recorded ensembles appeared to provide adequate descriptions of many statistical measures of turbulent activity, profiles of the phase ofexhibited excessive scatter beyond the nearwall region of the boundary layer, where the magnitude of the forcing shear was negligible. The increased scatter was attributed to the greater importance of diffusive effects in this region, rendering turbulent motions less coherent and thereby requiring averaging over greater numbers of ensembles to assure adequate convergence in sensitive statistical measures such as Fourier phases.
IX. CONCLUSIONS
The results of this study provide a basis for broader insights into the temporal behavior of boundary-layer turbulence while undergoing a well-defined form of superposed unsteady deformation-oscillatory shear. Over a broad range of frequencies, the dynamic response of the turbulence field to forced excitation is primarily a first-harmonic organization in magnitude of components of the Reynolds-stress tensor. Temporal production of turbulence is characterized as an intense modulation of turbulence-producing motions of the parent boundary layer, which are resilient to periodic deformation.
Close to the wall, time-dependent redistribution of turbulent kinetic energy amongst its components is driven by motions of the underlying mean flow, with only a weak dependence on oscillatory motions. The phase relationships between these components, in response to forced oscillatory shear, act as a diagnostic tool for the parent boundary layer, indicating the local direction and time scale for turbulent kinetic energy redistribution. They provide verification of the wall-impingement effect, previously identified only in numerical simulation of steady turbulent wall-bounded flow.
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